Abstract Cyclooxygenase-2 (COX-2) is associated with aggressive breast cancers. The COX-2 product prostaglandin E 2 (PGE 2 ) acts through four G-protein-coupled receptors designated EP1-4. Malignant and immortalized normal mammary epithelial cell lines express all four EP. The EP4 antagonist AH23848 reduced the ability of tumor cells to colonize the lungs or to spontaneously metastasize from the mammary gland. EP4 gene silencing by shRNA also reduced the ability of mammary tumor cells to metastasize. Metastasis inhibition was lost in mice lacking either functional Natural Killer (NK) cells or interferon-c. EP4 antagonism inhibited MHC class I expression resulting in enhanced ability of NK cells to lyse mammary tumor target cells. These studies support the hypothesis that EP4 receptor antagonists reduce metastatic potential by facilitating NK-mediated tumor cell killing and that therapeutic targeting of EP4 may be an alternative approach to the use of COX inhibitors to limit metastatic disease.
Introduction
The cyclooxygenase-2 (COX-2) enzyme is frequently over expressed in solid cancers and is associated with a poor prognosis in breast, as well as other malignancies [1, 2] . Epidemiological studies demonstrate that chronic use of COX inhibitors is associated with lower risk of developing breast and other malignancies [3, 4] . In tumors, the major COX-2 product is PGE 2 . Although PGE 2 synthesis clearly contributes to malignant behavior, the mechanisms are complex and include direct effects on tumor cell apoptosis and proliferation [5] as well as indirect effects on tumor angiogenesis [6, 7] and immune effector functions [8] [9] [10] [11] [12] .
While preclinical studies indicate that COX-2 is a promising therapeutic target in breast and other malignancies, recent concerns regarding the safety of selective COX inhibitors [13] prompted us to seek alternative means to target this pathway. Activities of PGE 2 are mediated by a family of G-protein-coupled receptors that are linked to diverse intracellular signaling pathways [14] . We recently showed that EP2, EP3 and EP4 are highly expressed on murine mammary tumors and that pharmacologic antagonism of EP4, but not EP3, inhibits experimental metastasis [15] . Since no pharmacologic antagonist is absolutely specific, we determined the effect of inhibiting EP4 gene expression on mammary tumor behavior in the current study. These data confirm that EP4, expressed on malignant epithelial cells, contributes to metastatic potential. Endogenous Natural Killer cell activity exerts partial control of metastasis and this protective effect is enhanced by COX-2 inhibitors [16] . We have now investigated the role of NK cells in the mechanism by which receptor antagonism inhibits tumor metastasis. We now show that EP4 antagonist-mediated inhibition of metastasis depends on NK cells and that decreased tumor cell MHC class I antigen expression in favor of increased NK recognition may contribute to control of metastasis.
Materials and methods

Cell lines, tumors, mice
Murine mammary tumor cell lines 410.4 and 66.1 and immortalized normal mammary epithelial line EpH4, derived from the pregnant mammary gland of a Balb/c mouse were maintained in DMEM supplemented with 10% FCS (Gemini BioProducts, Inc., Calabasas, CA), 2 mM glutamine, 100 units/ml penicillin, 100 lg/ml streptomycin, 1.5 g/l sodium bicarbonate and 0.1 mM nonessential amino acids. For experimental metastasis assays, 1 9 10 5 tumor cells were injected into the lateral tail vein of syngeneic immune competent Balb/cByJ or Balb/cIfng tm1Ts (IFNc-/-) (Jackson Laboratories, Bar Harbor, ME) or NK-depleted Balb/cByJ female mice and 21 days later, mice were euthanized and surface pulmonary metastases were quantified under a dissecting microscope. To deplete NK cells, mice were injected with rabbit asialoGM1 ganglioside antibody (20 ll, Wako Bioproducts, Richmond, VA) or normal rabbit serum 1 day prior to and 3 days after tumor cell injection. For spontaneous metastasis assays, 3 9 10 5 tumor cells were injected subcutaneously proximal to the mammary gland and tumor growth monitored by caliper twice weekly. When tumors achieved an average diameter of 18 mm, or earlier if animals appeared moribund, mice were sacrificed and soft tissues examined for surface tumor colonies.
EP inhibitor treatments
The EP4 antagonist AH23848 was purchased from Sigma Chemical Co. (St. Louis, MO). Line 410. 4 
NK cytotoxicity assays
Assays were carried out as described in Ref. [16] . Tumor target cells were labeled with [ 3 H] proline, washed and plated in 96-well flat-bottom microtiter plates. Twenty-four hours later, EP receptor antagonist at the indicated concentrations and single cell suspensions of spleen effector cells from normal Balb/cByJ female mice (stimulated with 100 lg of poly-IC i.p. 24 h prior to sacrifice) were added at a 100:1 effector to target ratio. Lytic activity is linear using ratios of 10:1, 50:1 or 100:1. After a further 18 h incubation, nonadherent cells were aspirated, and radioactivity in the remaining adherent cells was determined. Cytotoxicity was determined as: % Cytotoxicity ¼ ð1 À cpm remaining in experimental well= cpm remaining in medium control wellÞ Â 100:
Statistical analysis Descriptive statistics are described as mean and standard error and compared by Student's t test. Wilcoxon exact two sample test was used to compare the number of metastases in different treatment groups.
Results
COX-2 expression contributes to tumorigenic and metastatic properties in a murine model of metastatic breast cancer [9, [16] [17] [18] . Due to recent concerns regarding the safety of COX-2 inhibitors, we have initiated studies to test the hypothesis that PGE 2 directly affects tumor cell behavior in an autocrine manner and that these direct effects are mediated by one or more EP receptor expressed on the tumor cell. Further, that inhibition of EP receptor signaling could, like inhibition of PGE 2 synthesis, limit metastasis. Cellular effects of PGE 2 are mediated through a family of G-protein-coupled receptors designated EP1, EP2, EP3 and EP4 [14] . We characterized EP receptor expression and function in two murine mammary tumor cell lines (66.1, 410.4) as well as the immortalized murine mammary epithelial cell line EpH4. Both murine breast tumor and mammary epithelial cells express EP1, EP2, EP3 and EP4 (Fig. 1 ). There is considerably less EP1 detected in comparison to EP2, EP3 and EP4.
COX inhibitors are highly effective at reducing murine mammary tumor metastasis [9, 16, 18] . Murine mammary tumor cells spontaneously secrete high levels of PGE 2 . We have hypothesized that production of PGE 2 by tumor cells contributes to metastatic ability in an autocrine fashion in which tumor-PGE 2 signals through EP receptors on the tumor cells to enhance tumor dissemination. We further hypothesized that blockade of PGE-mediated signaling, downstream of PGE 2 synthesis, might have therapeutic effects similar to those observed when PGE 2 synthesis is prevented with COX inhibitors. To test this hypothesis, we employed both a pharmacologic antagonist of EP4 as well as a gene-silencing approach to determine the role of EP4 in tumor metastasis. Figure 2a shows the reduced EP4 expression in 66.1 cells transfected with a plasmid expressing shRNA directed to murine EP4. Ligand binding to EP2 and EP4 is coupled to PKA/adenyl cyclase and mediates elevations in intracellular cAMP. The reduction in EP4 expression in 66.1 cells compromised their ability to elevate cAMP in response to the EP4 selective agonist PGE1-OH in comparison to 66.1vector cells (Fig. 2b) . The EP4 antagonists AH23848 or ONO208 inhibited the cAMP response to PGE1-OH in 66.1vector cells but had no impact on the cAMP response in 66.1shEP4 cells. When 66.1vector or 66.1shEP4 cells were introduced into Balb/cByJ mice, lung colonizing ability of cells expressing less EP4 was significantly compromised (Fig. 2c , P = 0.008). We derived four additional independent clones expressing reduced levels of EP4 and lung colonization was reduced by 43%, 53%, 53% and 84% when these cells were injected into mice. Likewise, systemic treatment with the EP4 antagonist AH23848 (10 mg/kg) inhibited lung colonization of parental 410.4 or 66.1 cells by 88% and 32%, respectively ( Fig. 2d , P = 0.008, P = 0.02, respectively). When tumor cells were transplanted to the mammary gland of mice, EP4 gene silencing did not inhibit local tumor growth (data not shown), however spontaneous metastases were reduced by 77% (P \ 0.02). Thus, by two independent approaches, we showed that blockade of EP4 reduced the ability of mammary tumor cells to spontaneously metastasize or form tumor cell colonies in the lung.
We considered the possibility that EP4 antagonism affected tumor-host cell interactions. Endogenous NK activity exerts some control of metastatic behavior in this model and the ability of indomethacin and celecoxib to further limit metastasis is lost in NK-depleted mice [16] . Therefore, COX inhibitors limit tumor dissemination by an NK-dependent mechanism. We tested the hypothesis that EP4-targeted therapy also depends on NK functions. We compared the ability of AH23848 to control metastatic disease in immune competent Balb/cByJ mice and mice depleted of NK activity. Figure 3a confirms that EP4 pharmacologic antagonism inhibits lung colonization. Injection of vehicle-treated tumor cells into immune competent mice resulted in an average of 86 tumor colonies; AH23848 reduced the mean number of metastases by 37% (P = 0.01). Depletion of NK cells leads to loss of endogenous control of tumor dissemination leading to a fourfold increase in lung metastases and in these mice, AH23848 no longer inhibited metastasis. The reduction of lung metastasis achieved by EP4 silencing (Fig. 3b) was also severely compromised in NK-depleted mice. In this experiment, EP4 silencing reduced lung colonization by 58% in immunologically intact mice (P = 0.0003); in NKdepleted mice, lung colonies were reduced by 16% in mice injected with 66.1shEP4 versus 66.1vector cells, however the difference was not statistically significant. We also compared the metastatic ability of 66.1vector and 66.1shEP4 cells in IFN-c-deficient mice (Fig. 3c) . EP4 gene silencing was much less effective at reducing lung tumors in the absence of IFN-c expression. Thus, like indomethacin and celecoxib, EP4 antagonists control metastatic disease by immune-dependent mechanisms.
To examine potential mechanisms by which EP4 antagonists and NK cells interact, we determined the effect of EP4 antagonism on NK-mediated lysis of 410.4 tumor cells. Radiolabeled tumor cells and spleen effector cells from normal mice were co-cultured in the presence of AH23848 at concentrations ranging from 0.01 to 10.0 lg/ml and the degree of tumor cell lysis was determined 24 h later. Figure 4a shows that AH23848 enhanced NKmediated lysis in a concentration-dependent fashion. These results have been replicated in two additional experiments and are consistent with the ability of AH23848 to inhibit tumor metastasis in an NK-dependent manner.
The degree of NK-mediated lysis is controlled by many factors including the balance of inhibitory and stimulatory signals delivered by ligands expressed on the potential target cell. Inhibitory signals are mediated by binding of MHC molecules, expressed on the target cell, to cognate inhibitory receptors on the NK effector cell. We asked if an EP4 antagonist would modulate the expression levels of MHC class I. Tumor cells were treated with AH23848 (0.1-10 lg/ml) or DMSO for 24 h after which MHC class I was assayed by flow cytometry. Figure 4b shows one of three representative experiments in which EP4 receptor antagonism downregulated expression of MHC class I in a dose-dependent manner, consistent with the observed increase in NK lytic sensitivity. 
Discussion
In tumors, the principal COX-2 product is prostaglandin E 2 . Cellular effects of PGE 2 are mediated through a family of G-protein-coupled receptors designated EP1, EP2, EP3 and EP4 which are coupled to different intracellular signaling pathways [18] . EP expression on diverse cell types has been documented but the precise role of each EP in malignant behavior is not established. EP2 and EP3 may have opposing actions on growth, with EP2 signaling linked to growth stimulation and EP3 linked to either growth inhibition or cellular senescence [19] . Proliferation of some tumor cells is directly supported by EP4 activation [20, 21] . A role for EP1, EP2 and EP4 receptors has been identified in primary colon carcinogenesis. Mice deficient in EP4, but not EP2, are protected in the Min model of colon carcinogenesis [22] . In separate studies, EP1 or EP2 have been implicated in polyp formation in the Apcdelta716 model [23] [24] [25] . Similar complexity is apparent in models of UVB or chemically-induced skin carcinogenesis where a role for EP1, EP2 or EP4 has been described [26] [27] [28] [29] . Little clinical information regarding EP receptors is available, however, a recent study reports that coexpression of Cox-2 and EP4 is associated with poor prognosis in upper urinary tract tumors [30] . In a small series, EP4 was detected in all seven colon cancer specimens examined and in 8/22 adenomas whereas normal colon was weakly positive or negative for EP4 [31] . In striking contrast, another laboratory reported very little EP4 in colon carcinomas in comparison to normal colon mucosa [32] . In that study, EP1 and EP2 were highly expressed in malignant tissues and EP2 levels were correlated with poor survival. These data indicate that one or more EP receptor is likely to play an important role in the behavior of colon cancer although the precise role for individual EP remains to be clarified.
The role that EP receptors play in behavior of breast cancers is beginning to emerge. Some years ago, we described heterogeneous PGE 2 binding activity on mammary tumor cells but, at the time, it was not known that there are a family of receptors that bind PGE 2 [33, 34] . More recently, we showed that EP receptors mediate chemotaxis in response to PGE 2 and that EP2 and EP4 are linked to adenylate cyclase activation [15] . Other labs have shown that PGE 2 positively regulates aromatase, which catalyzes estrogen biosynthesis, through EP1 and EP2 expressed on stromal cells [35] or through EP2 and EP4 [36] . In contrast, EP3 receptor activation inhibits aromatase expression [35] . Murine mammary tumors arising in COX-2 transgenic mice have increased expression of EP1, EP2 and EP4, but decreased expression of EP3 in comparison to normal mammary gland [37] . EP1 antagonism prevents chemically-induced breast carcinogenesis in a mouse model [38] , however, in advanced human breast cancer, EP1 is associated with lack of lymph node involvement indicating a better prognosis [39] . Several groups have shown that EP receptors mediate migration of tumor cells in vitro [15, 40, 41] . We recently reported that selective EP4 pharmacologic antagonists inhibit tumor metastasis in vivo and that the therapeutic potential is comparable to that observed with a dual COX-1/COX-2 inhibitor [15] . Thus, EP receptors clearly contribute to both early and late breast cancer progression.
The Carbone Laboratory has confirmed a role for EP4 in cancer metastasis by demonstrating that pharmacologic antagonism or gene silencing of EP4 inhibits metastasis in murine models of lung and colon cancer [42] . One possible mechanism by which EP contribute to metastatic potential was provided by recent data showing that PGE 2 , acting through EP2 and EP4, induces expression of the chemokine receptor CCR7 on MCF-7 breast cancer cells [43] . CCR7 potentially mediates trafficking of tumor cells to sites of CCR7 ligand (CCL21) expression. The tumor cells used in the current study have a constitutively active COX-2 that produces high levels of PGE 2 and metastatic potential is positively correlated with higher PGE 2 [9, 17] . These studies suggest that EP receptors, expressed on tumor cells, mediate metastasis directly by responding to autocrine or paracrine production of PGE 2 . Antagonism of EP4 on 3LL cells leads to reduced tumor cell adhesion, motility, invasion, colony formation and AKT phosphorylation [41] .
In addition to EP on tumor cells, many host cells including lymphocytes, dendritic cells, myeloid-derived suppressor cells and NK cells express one or more EP, thus, there are many potential targets of PGE 2 action in the tumor-bearing host [12, [44] [45] [46] [47] . Experimental metastasis of 3LL cells is reduced in EP4-/-mice although the critical EP4-positive host cell was not identified [42] . Growth of either MC26 or Lewis Lung carcinoma cells was inhibited in EP2 mutant mice and this was attributed to protection of dendritic cells from PGE 2 -mediated suppression [47] . Likewise, growth of mammary tumors is delayed in EP2 knockout mice and is correlated with decreased numbers of myeloid-derived suppressor cells [12] . We considered the possibility that EP receptors might mediate interactions between tumor cells and other potential immune effector cells. We have shown that the ability of Cox inhibitors to control tumor metastasis in this model is highly dependent on functioning NK cells [9, 16] . We also showed that COX inhibitors increase NK lytic activity. The current study shows that, like Cox inhibitors, EP4 antagonists are dependent on NK cells to inhibit metastasis. Furthermore, EP4 antagonists enhance NK lytic activity and at the same time decrease inhibitory MHC class I antigen expression. These studies suggest a novel mechanism by which antagonism of the EP4 receptor on tumor cells enhances effective NK cytolytic activity leading to better control of metastasis. Suppressive effects of PGE 2 on NK function have been reported [10] , and studies are in progress to determine which EP receptors participate in regulation of NK function.
Angiogenesis is also regulated directly or indirectly by EP receptor functions although different EP have been implicated in each model. Tumor-induced angiogenesis in the Apcdelta716 model of colon carcinogenesis is mediated by EP2 [48] , whereas EP3 regulates angiogenesis in a murine sarcoma model [49] . EP4 mediates migration of endothelial cells through an ERK pathway [50] . Using a selective EP4 antagonist, it was shown that PGE 2 protects tumor cells from apoptosis induced by camptothecin [51] . EP4 protects cells from chemotherapy-induced apoptosis through EP4 linked to a PI3K/AKT pathway. Resistance to spontaneous apoptosis was also attributed to EP4; in this case through a cAMP-dependent mechanism [52] .
A substantial body of data now exists indicating that COX-2 expression in malignancies contributes to aggressive behavior, particularly the occurrence of disseminated disease. In an attempt to avoid potential toxicities of conventional COX-2 inhibitors and to increase specificity and efficacy, we are investigating the possibility of downstream targeting of EP receptors that are expressed on many malignant cells. The results of several laboratories indicate that targeting of EP4 may prevent metastatic disease and the current study supports a mechanism involving activation of NK cells. These findings support the further investigation of specific antagonists of selective EP receptors to prevent disease progression.
